Background
Introduction
Hypertension, an important worldwide public health challenge, is a major risk factor for cardiovascular disease and end-stage renal damage and it ultimately increases mortality worldwide [1] . Hypertension is generally regarded as a multi-factorial disease that is determined by a combination of genetic factors and environmental stimuli and their interaction [2] . However, the exact pathophysiologic mechanisms underlying the development of hypertension are still unknown.
Oxidative stress, which is due to an imbalance between the generation of reactive oxygen species and the diminished activity of antioxidant enzymes [3] , plays an important pathophysiological part in the development of hypertension [4, 5] . Free radicals and harmful substances are produced during the process of oxidative stress, which can result in cell membrane lipid peroxidation and damage to DNA and proteins. It has been demonstrated that superoxide anion and hydrogen peroxide production increase, nitric oxide synthesis reduce, and the bioavailability of antioxidants decreases in both experimental and human hypertension [4, 5] . Oxidative stress induced by glutathione depletion in normal rats has also been shown to cause and maintain severe hypertension [6] . Glutathione is the most abundant nonprotein intracellular thiol, with multiple roles as an antioxidant agent. GSH is also an important cofactor for different enzymes like glutathione S-transferases (GSTs) [7] . And the GSTs are a family of phase II xenobiotic metabolizing enzymes that protect against endogenous oxidative stress and exogenous potential toxins. The biochemical protection mechanisms by GSTs involve both reduction of organic hydroperoxides, contributing to oxidative stress, and conjugation of electrophilic compounds with glutathione which facilitate their transportation from the cell [8] . The GSTs also can protect cells from oxidative damage, including free radicals produced in the process of the metabolic redox cycle of catechol estrogens [9] .
GSTs are found in basically all eukaryotic species and are generally distributed in nature. Eight distinct classes of the soluble cytoplasmic mammalian GST have been identified: a (GSTA), m (GSTM), y (GSTT), p (GSTP), s (GSTS), k (GSTK), o (GSTO), and t (GSTZ) [10] . Two loci in particular, GSTM1 and GSTT1, have received the most attention. The most common variant of the GSTM1 and GSTT1 genes is homozygous deletion (null genotype), which has been associated with the loss of enzyme activity and increased vulnerability to cytogenetic damage [11, 12] . Okcu and colleagues [13] found that GSTM1 is one of the genes encoding themu class of enzymes located on chromosome 1p13.3. Daniel [14] reported that the theta class of GST enzymes is encoded by the GSTT1 gene, which is mapped to chromosome 22q11.23. At the GSTM1 locus, one deletion allele and two others (GSTM1a and GSTM1b) have been identified, which differ by C!G substitution [15, 16] . The C!G substitution leads to the substitution at amino acid 172 (Lys! Asn) [16] . And the substitution leads to no functional difference between these two alleles. In result, GSTM1a and GSTM1b are regarded as positive conjugator phenotype. At the GSTT1 locus, two alleles (one functional and the other nonfunctional) have been identified [17] . People with homozygous deletion genotype are grouped into the negative conjugator phenotype, and others are categorized into the positive conjugator phenotype [16] . Previous studies showed that a homozygous deletion, or null genotype, at either the GSTM1 locus or the GSTT1 locus resulted in enzyme function loss, which was hypothesized to be related to risk of hypertension.
A number of case-control studies [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] have investigated the relation of null polymorphisms in these two genes to hypertension. However, one thing to be noted is that the results were inconsistent, due to small sample size or other causes. Meta-analysis can be used to pool data from these studies to obtain sufficient statistical power to detect the potential effect of small to moderate sizes associated with these polymorphisms. In this study, we perform a carefully designed and complete meta-analysis to define the effect of GSTM1 and GSTT1 null polymorphisms on the risk for hypertension.
Methods

Identification and eligibility of relevant studies
We searched electronic databases, including PubMed and Embase, ISI Web of Science, HuGE Navigator, and Wanfang database of China, for all studies published through August 17, 2013, which had investigated the association between the GSTM1 or GSTT1 genotypes (null genotype vs. wild type) and the risk of hypertension. An updated secondary search was conducted until January 8, 2014, and no relevant new studies were found. The keywords used for searching were glutathione-S-transferase or GST or GSTT1 or GSTM1; polymorphism or genotype; hypertension or essential hypertension or primary hypertension or high blood pressure. References from recent review articles were also checked for relevant articles. We selected all studies that had been published in English. If multiple reports were available for a single unique study population, we included only the most recent or largest reports.
The inclusion criteria were: (1) clear definition of hypertension; (2) studies that examined the association between the GSTM1 or GSTT1 null genotypes and the risk of hypertension; and (3) presentation of original data for the calculation of odds ratios (ORs) with corresponding 95% confidence intervals (95% CIs). The exclusion criteria were: (1) animal studies, caseonly studies, case reports, simple commentaries, and review articles; (2) studies with other genotypes of GST; and (3) studies with other diseases. If studies had overlapping subjects, only the study with the largest population was finally selected.
Data extraction
Characteristics abstracted from the articles included first author, year of publication, country, ethnicity, genotyping method, genotype, definition of hypertension, control source, number of cases, number of controls, gender, age, mean (SD) and adjustment covariates. Two authors (Beihai Ge and Yadong Song) independently extracted the information from every study to minimize the selection bias, and all disagreements about eligibility were resolved during a consensus meeting with a third reviewer.
Statistical analysis
We investigated the association of GSTM1 and GSTT1 null polymorphisms with hypertension by calculating pooled OR and 95% CI. Two methods were used to estimate between-study heterogeneity across all eligible comparisons: the Cochran's Q statistic and the I 2 metric, which quantify between-study heterogeneity irrespective of the number of studies. For the Q statistic, heterogeneity was considered significant if P <0.10. A high value of I 2 indicated a higher probability of the existence of heterogeneity (I 2 = 0% to 25%, no heterogeneity; I 2 = 25% to 50%, moderate heterogeneity; I 2 = 50% to 75%, large heterogeneity; and I 2 = 75% to 100%, extreme heterogeneity) [32] . Data from the studies were combined using a fixed-effects [33] model or a random-effects [34] model. When heterogeneity was negligible (the corresponding P value of Q statistic more than 0.10), a fixed-effects model was performed to obtain the pooled estimator. When between-study heterogeneity was found (the corresponding P value of Q statistic below 0.10), a random-effects model was performed. A similar approach was used for performing subgroup analysis by ethnicity. Sensitivity analysis, removing one study at a time, was performed to evaluate the stability of the results. A Galbraith plot was also used to spot the outlier as the possibly major source of between-study heterogeneity [35] . Meta-regression was also performed to study the source of between-study heterogeneity [36] . Publication bias was assessed by Begg's test [37] and Egger's test [38] (P <0.05 was considered statistically significant). For all analyses, the statistical package Stata 11.0 (Stata Corporation, College Station, Texas, USA) was used. All P values were two-tailed with a significant level at 0.05.
Results
Characteristics of the studies
A total of 185 potentially relevant papers were identified based on the search strategy. The study selection process is shown in Fig. 1 . There are 14 studies with 2773 hypertension cases and 3189 controls concerning GSTM1 polymorphism and 13 studies with 2497 hypertension cases and 3078 controls concerning GSTT1 polymorphism. All studies were reported in English. The main study characteristics were summarized in Table 1 .
Pooled analyses
GSTM1. Because substantial between-study heterogeneity was observed (I 2 = 59.8%), we used a random-effects model. The pooled estimator for GSTM1 null suggested that it might show a similarly small increased risk for hypertension, although the effect was not statistically significant (OR = 1.16, 95% CI: 0.96, 1.40; I 2 = 59.8%, P = 0.002) (Fig. 2) . Two studies were spotted by Galbraith plot as possible major sources of heterogeneity (Fig. 3) . After adjustment for heterogeneity by omitting these 2 studies [18, 20] , moderate heterogeneity was found (I 2 = 37.2%) and meta-analysis also showed no significant association between this polymorphism and hypertension risk (OR = 1.07, 95% CI: 0.92, 1.24) ( (Table 2) . When control source subgroups were considered, the OR was 0.98 (95% CI: 0.82, 1.18) in hospital based persons compared to 1.25 (95% CI: 0.98, 1.60) in population based persons (Table 2) . GSTT1. As substantial between-study heterogeneity was observed with GSTT1 (I 2 = 80.3%),
we again used a random-effects model. The meta-analysis resulted in a statistically nonsignificant association between GSTT1 null genotype and hypertension. The overall OR was 1.14 (95% CI: 0.85, 1.53; I 2 = 80.3%, P = 0.000) (Fig. 4) . After adjustment for heterogeneity by omitting these six studies [18, 24, 25, 28, 30, 31] (Fig. 5) , no heterogeneity was found (I 2 = 0%) and meta-analysis also showed no significant association between this polymorphism and hypertension risk ( (Table 2) . For gene-gene interaction, we assessed the association between both the null genotype of GSTs and risk of hypertension. The data on both the null genotypes of GSTs among cases and controls were available in five studies, which included 1427 cases and 896 controls. The metaanalysis resulted in a statistically non-significant association between both the null genotypes of GSTM1 and GSTT1 and hypertension (OR = 1.23, 95% CI: 0.49, 3.10) ( Table 2) .
Sensitivity analyses and publication bias
We sequentially deleted data from single studies involved in the meta-analysis to investigate the impact of individual data sets on the pooled OR. For GSTM1, the I-square value ranged from 49.3% to 62.9% when any single study was omitted, with the result that the overall effect size was unchanged. A sensitivity analysis yielded a range of ORs from 1.11 (95% CI: 0.93, 1.33) to 1.20 (95% CI: 0.99, 1.45). For GSTT1, the I-square value varied between 77% and 81.9% when any single study was removed, with the result that the overall effect size was not altered. No individual study had an undue influence on the pooled ORs, and the betweenstudy heterogeneity still existed when any single study was excluded. A sensitivity analysis yielded little change in the observed risk estimates, which shifted from 1.06 (95% CI: 0.80, 1.42) to 1.22 (95% CI: 0.92, 1.64). Hence, we can conclude that the results of the studies concerning both GSTM1 and GSTT1 are stable and credible. The meta-regression was conducted with the introduction of covariates including publication year, ethnicity, genotyping method, sample size, controls source and essential hypertension. However, no covariate was identified as a potential source of between-study heterogeneity for any comparison. A Begg's funnel plot and Egger's test were performed to assess the publication bias. The shape of the funnel plot did not reveal any evidence of obvious asymmetry (Fig. 6) (Fig. 7) , and the Egger's test was then used to provide statistical evidence of funnel plot symmetry. The results still did not demonstrate any evidence of publication bias in any studies (Table 2) . 
Discussion
The present meta-analysis examined the effect of GSTM1 and GSTT1 null polymorphisms on the risk of hypertension. To our knowledge, a previous meta-analysis [39] has discussed on the association between GSTM1 and GSTT1 polymorphisms and risk of hypertension. However, the evidence from this article was limited. First, when between-study heterogeneity was found, random-effects model should be performed. So, pooled estimate of odds ratios in previous meta-analysis was inappropriate because they used fixed-effects model. Second, two studies [24, 31] should also be included in the meta-analysis. Third, the previous meta-analysis did not perform stratified analyses and meta-regression to identify possible sources for the observed heterogeneity. These weaknesses decreased the power of results. Trying to generate more exact conclusions, we conducted this meta-analysis that included 14 case-control studies. Our results indicated no statistically significant association between GSTM1 or GSTT1 null polymorphism (null versus non-deleted) and risk of hypertension. When studies were stratified by ethnicity and control source, we still did not find significant associations. There were also a number of potentially interesting gene-gene and gene-environment interactions reported in individual studies. However, these were too few and too inconsistent to allow a meta-analysis.
Our results are different from previous meta-analysis [39] . The previous meta-analysis revealed a significant association between the null genotype of GSTT1 (OR = 1.30; 95% CI: 1.13, 1.50; P = 0.000) and risk of hypertension. However, when including two additional studies [24, 31] which have strong reverse associations for GSTT1, the present meta-analysis revealed statistically non-significant association between GSTT1 null genotype and hypertension risk (OR = 1.14, 95% CI: 0.85, 1.53; P = 0.000). Concerning GSTM1, the previous meta-analysis implied that GSTM1 null genotype was positively associated with the risk of hypertension (OR = 1.22; 95% CI: 1.08, 1.39; P = 0.002). However, our results suggested that the effect was not statistically significant (OR = 1.16, 95% CI: 0.96, 1.40; P = 0.002).
Assessment of heterogeneity is necessary for most meta-analyses [40, 41] . Heterogeneity could result from genotyping error, selection bias, population stratification, gene-gene or geneenvironment interaction, allelic heterogeneity, or chance [41, 42] . The I 2 values surpassed the threshold of 50% indicated the presence of heterogeneity and insufficient power [43] . The present meta-analysis showed significant heterogeneity in the results for GSTM1 and GSTT1. Concerning GSTM1, two studies [18, 20] was spotted by Galbraith plot and may be the possible major source of heterogeneity. The average age of people in one study [20] was more than 80. The other study [18] was the only study that conducted in Africa. Santovito et al. [44] demonstrated that changes in GSTM1-null prevalence had been documented for ethnicity and aging. This may be the reason why the two studies determine most of heterogeneity. The heterogeneity may be caused by methodological differences across studies. The potential selection bias, which may have been introduced by a poorly defined study base, was a usual methodological concern of the studies reviewed [45] . If case-control studies fail to properly sample from the base, the controls do not reflect the exposure and/or genotype distributions of the source population, and the results are biased. However, they might also indicate ethnic differences in the contribution of these genotypes to hypertension risk, and if so, summary ORs for these genotypes could be misleading. What is more, because of limited knowledge on how much GSTM1, GSTT1 and Hypertension: A Meta-Analysis heterogeneity resulted from errors and biases, the summary estimates provided in this metaanalysis would reflect only a crude analysis. Further studies need to focus on exploring the sources of heterogeneity. GST genetic polymorphisms imply variations in enzyme activities that can result in oxidative stress susceptibility through alterations in GSH metabolism [46] . The homozygous deletion of these loci has been reported to be associated with loss of enzyme function. The null genotype of GSTM1 has been suggested to be associated with the risk of a number of diseases, including alcoholic liver disease [47] and asthma [48] . However, previous meta-analyses showed that the GSTM1 polymorphism was not associated with the risk of rheumatoid arthritis [49] . The null genotype of GSTT1 has been implicated in the genesis of several diseases, including asthma [48] and type 2 diabetes [50] , but not coronary heart disease [51] or COPD [52] . Recently, Delles et al. did not find an association between GSTM gene variants and GSTM1, GSTT1 and Hypertension: A Meta-Analysis hypertension [53] . Present meta-analysis showed that there was no significant association between GSTT1 and GSTM1 null genotypes and hypertension risk. It seems that GSTT1 and GSTM1 polymorphisms cannot influence the risk of hypertension in all studies.
In this study, although we pooled all published studies currently available on this topic, we believe our study is still far from conclusive. The association of genetic polymorphisms with hypertension is strongly influenced by differences in the selection of cases and controls, ethnicity, sample size, environmental factors and other ecological factors. Selection bias is also possible in hospital-based studies because the GSTs may be related to the risk for chronic diseases. And most studies were not clear about whether cases represented the first diagnosis of hypertension. Further studies with unbiased-matched homogeneous patients and well matched controls are required to examine associations between the GSTM1 and GSTT1 polymorphisms and hypertension risk. Furthermore, the negative result also might be caused by interethnic GSTM1, GSTT1 and Hypertension: A Meta-Analysis differences. Changes in GSTM1-null or GSTT1-null prevalence have been documented for ethnicity and aging [44] . According to a report [54] , the frequency of the GSTM1 null genotype is 53% in Caucasians, 27% in African-American subjects, and 53% in Asians. The frequency of the GSTT1gene deletion is 20% and 47% for Caucasians and Asians, respectively. Finally, GST variants often exert their effects through interaction with environmental exposures (e.g., cigarette smoking, alcohol consumption). However, most studies did not provide the stratified data. Larger studies will be needed to explore potential interactions between GST polymorphisms and environmental oxidative exposures. These design issues would have contributed to heterogeneous results in the literature. Future large well-designed epidemiological studies with individual information, lifestyle factors, and environmental factors are warranted to validate the present findings. Several limitations existed in our meta-analysis. First, the present analyses were based on unadjusted estimates because most studies did not provide adjusted data. More precise analysis including individual data, lifestyle factors, and environmental factors, should be conducted if possible. Second, the present analyses were based upon a thousand cases and a thousand controls. In several studies, the sample sizes in our meta-analyses were small, which did not have enough power to provide a confirmed conclusion. Third, because most of the included studies were conducted on Asians and a few on Caucasians, we must interpret the results carefully. Further studies concerning populations in other areas such as Africa and North America are required to diminish the ethnic variation-produced biases. Finally, although the present metaanalysis of all studies and a set of subgroup analyses have been undertaken, significant heterogeneity still persisted, limiting the interpretation of pooled risk estimates.
Despite the limitations, this meta-analysis suggests that the GSTM1 and GSTT1 null polymorphisms are not associated with the risk of hypertension. Future large well-designed epidemiological studies are warranted to validate the present findings. 
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